Abstract The taxomically critical species Centaurea stoebe is represented in Central Europe by a diploid (2n=18) and a tetraploid (2n=36) cytotype. Their morphological differentiation and taxonomic treatment is still controversial. Karyological (chromosome numbers and flow cytometric measurements) and multivariate morphometric analyses were used here to address cytotype distribution patterns and their morphological differentiation. Material from 38 localities (771 individuals) in Slovakia, Hungary and Austria, including type localities of the names traditionally applied to the different cytotypes, was sampled and evaluated using both morphometric and karyological approaches. The morphological tendency towards cytotype differentiation is evident only at a population level, and is blurred at the level of individual plants. Diploid populations prevail in the area studied, as well as throughout Europe; mixed-cytotype populations were also found. The present data, namely the weak morphological distinction, largely sympatric occurrence of the cytotypes, and the existence of mixed-cytotype populations, favour taxonomic treatment as a single species, without recognition of infraspecific units.
the synonym C. maculosa Lam. Only tetraploids were reported from that area. It is reported as a serious invasive weed in the USA and Canada, and numerous papers were published about its environmental impact, and monitoring of its occurrence and spread (e.g. Hook et al. 2004; Lutgen and Rillig 2004; Emery and Gross 2005; Perry et al. 2005; Crowe and Bourchier 2006) .
No other ploidy levels besides diploids (2n=18) and tetraploids (2n=36) are known within C. stoebe, but the occurrence of B chromosomes was reported (Skalińska et al. 1959; Löve and Löve 1961b; Agapova et al. 1990; Lövkvist and Hultgård 1999; Ochsmann 1999; Nagel 2000) . Before the investigations done by Ochsmann (1999 Ochsmann ( , 2000 , who reported numerous chromosome number records for C. stoebe from Italy, Germany, Austria, Hungary and Switzerland (32 localities altogether), the cytogeography of this species was poorly investigated in Central Europe. For the area of Slovakia, only two chromosome number records proving the occurrence of both cytotypes were reported (Záborský 1970) . There are no studies addressing the origin of polyploid populations of C. stoebe, whether they represent allo-or autopolyploids.
Until recently, some (mainly Central European) authors treated C. stoebe within the genus Acosta Adans. (Dostál 1989; Dostál and Červenka 1992; Marhold and Hindák 1998) . The separation of the genus Acosta resulted from a split of the heterogeneous genus Centaurea as proposed by Löve and Löve (1961a) and followed by other authors (Holub 1972 (Holub , 1973 (Holub , 1974 Soják 1972; Dostál 1973) . Following recent molecular phylogenetic studies in Centaurea (Susanna et al. 1995; Wagenitz and Hellwig 1996; Garcia-Jacas et al. 2000 , 2001 , 2006 , new generic limits were suggested (Greuter et al. 2001) . A separate genus Rhaponticoides Vaill., previously known as Centaurea sect. Centaurea, was proposed. It is phylogenetically distinct from the generic core and includes the original type species of the genus Centaurea (Greuter 2003; Greuter et al. 2005) . Therefore, a proposal was published and later approved, to conserve the name Centaurea with a new type, namely C. paniculata L. (Greuter et al. 2001; Brummitt 2004 ), a species traditionally placed in Acosta. Following this treatment, the name Acosta could not be applied for a separate genus, even if a narrow concept of the genus Centaurea is applied.
The present study focuses on C. stoebe in Slovakia and adjacent territories, including material from type localities of the names C. stoebe and C. australis. Based on the current knowledge on this species, the following questions were asked: i) Are diploids and tetraploids morphologically differentiated? ii) If so, which morphological characters contribute to their differentiation? iii) Which cytotypes occur at the type localities of C. stoebe and C. australis? iv) Do different cytotypes co-occur at the same localities, and if so, how often? v) Are there any indications of ecological and/or chorological differentiation of the cytotypes?
Material and Methods

Plant Material
Plant material from 40 localities of Centaurea stoebe originating from Slovakia (35), Hungary (4) and Austria (1) was collected (Table 1, Fig. 1 ). Two population samples 2n -chromosome numbers determined by direct counting from mitotic cells, followed by the number of plant individuals analyzed in brackets, DNA ploidy level -DNA ploidy level assessed using flow cytometry, with number of diploid (2n~2x) and tetraploid (2n~4x) plants given. These numbers also correspond to the number of individuals used in morphometric analyses. The localities are given as follows: country (SK -Slovakia, AU -Austria, HU -Hungary), phytogeographical region according to Futák (1984) (for localities in Slovakia), the name of the closest town/village, specification of the locality, altitude, grid map square (according to Niklfeld 1971) , collection date, the name of the collector (SŠ -S. Španiel). Chromosome number records labelled with asterisks were taken from Španiel (2007) . All other data and ploidy level estimates represent new records. All chromosome numbers were determined by S. Španiel, DNA ploidy levels were assessed by S. Španiel and K. Marhold. Voucher specimens are deposited at SAV.
originated from type localities of the allegedly diploid C. stoebe (=C. stoebe subsp. stoebe; population nr. 13, the locality of the neotype; see Greuter 2003: 56) and the allegedly tetraploid taxon C. australis (=C. stoebe subsp. australis; population nr. 17, one of the three localities mentioned in the protologue). Each population sample consisted of mostly 20−25 plants (see Table 1 ) bearing both flowers and mature achenes. Before the specimens were dried, three florets per plant were taken from well-developed involucres and attached using adhesive tape to paper to preserve their size and shape. Three mature achenes and three involucral bracts per plant were also attached and used for size measurements (see below). Other achenes collected from the sampled individuals were sown to obtain seedlings and second-generation plants needed for karyological and flow cytometric analyses. The seed offspring was cultivated in the greenhouse and the experimental garden at the Institute of Botany, Slovak Academy of Sciences in Bratislava. The neotype of the name C. stoebe deposited in herbarium W and two isotypes of the name C. australis Pančić ex A. Kern. deposited in the herbarium WU were examined as well (for herbarium acronyms see Holmgren et al. 1990 ).
Chromosome Counting
Chromosome numbers were determined in mitotic metaphases of cells from root tips. The root tips were taken from germinating achenes collected in situ from the plants included in morphometric analyses. In one case root tips from a cultivated mature plant of the second generation were also used to confirm the result of flow cytometric analysis (aneuploidy, see below). The root tips were pretreated in 0.002 M aqueous solution of 8-hydroxyquinoline for 4−10 h at 4°C, and fixed in a mixture of 96% ethanol and concentrated acetic acid (3:1) for 1−24 h at 4°C. For maceration a mixture of concentrated hydrochloric acid and 96% ethanol was used Table 1 for details on the localities (5−10 min). Squashes were made using a cellophane square instead of the cover glass (Murín 1960) and stained in 10% Giemsa stock solution in Sörensen phosphate buffer for 1 h. In addition, a survey of chromosome number records published for C. stoebe from Europe was done.
DNA Ploidy Level Estimation
Flow cytometry was used to estimate ploidy levels of the individuals included in the morphometric analyses. Their DNA ploidy level was, however, assessed indirectly, by measuring nuclear DNA content in plants germinated from the achenes taken from the field-sampled individuals. Leaf samples of one-month-old plants were used. First, samples of plants with known chromosome numbers (both diploid and tetraploid) were analyzed simultaneously with an internal standard (Bellis perennis, 2C=3.38 pg, Schönswetter et al. 2007) , and the ratio of their G 1 peak positions was recorded. The DNA ploidy levels of the analyzed plants (of unknown chromosome numbers) were then assessed by their peak position relative to the standard peak. The analyses were performed using the Partec PA II flow cytometer equipped with an HBO-100 mercury arc lamp (Partec GmbH, Germany) at the Institute of Botany, Academy of Sciences of the Czech Republic, Průhonice, Czech Republic.
The DNA ploidy level was estimated on the basis of fluorescence intensity of nuclei stained using the fluorochrome DAPI (4′,6-diamidino-2-phenylindole). Tissue from a fresh leaf (0.5 cm 2 ) of the analyzed plant was co-chopped with the standard in a Petri dish with 1 ml of ice-cold Otto I buffer (0.1 M citric acid monohydrate, 0.5% Tween 20; Otto 1990) using a razor blade. The obtained suspension was filtered through a 42-μm nylon mesh and incubated for at least 5 min at room temperature. 1 ml of a solution containing Otto II buffer (0.4 M Na 2 HPO 4 ·12H 2 O), 2-mercaptoethanol (2 μl/ml) and DAPI (4 μg/ml) was added to the flow-through fraction, and stained for 1-2 min. The cytometer was adjusted so that the G 1 peak of the standard was localized on channel 200. For each measurement, the coefficients of variation (CV) of the standard and the analyzed sample were calculated.
Pollen Grain Size
Pollen grain size was measured on a representative sample of specimens of both cytotypes (15 plants per ploidy level). The measurements were done to check whether the size of pollen grains is correlated with the ploidy level, and can be used as its indicator. Anthers with pollen were removed from closed capitula before flowering. Pollen grains were released and stained in a drop of acetocarmine jelly (Marks 1954) and measured using an optical microscope. 30 pollen grains per plant were measured and their mean value was used to compare plants of different ploidy levels.
Morphometric Analyses
Two population samples had to be excluded from morphometric analyses, because they either did not contain enough flowering individuals (population nr. 15) or were damaged by grazing and mowing (population nr. 7). Thus, material from 38 localities of altogether 771 plants was subjected to morphological measurements (Table 1) to reveal differences between diploids and tetraploids, or any other morphological variation patterns. Ploidy level was estimated for each examined specimen (indirectly, assessed on the basis of the DNA ploidy level of its seed offspring).
Characters measured or scored are listed in Table 2 and some of them depicted in Fig. 2 . They included characters traditionally used for differentiation of the two recognized taxa/cytotypes as can be found in determination keys and floras, as well as several other that appeared as potentially useful for distinction of the two cytotypes. Altogether 15 quantitative characters were measured and four ratios were derived. Florets, bracts and achenes with pappus that were attached to paper were scanned and measured using the software CARNOY (Schols et al. 2002) . Mean values from the three measurements (each from another floret/bract/achene attached) per plant were calculated.
Due to logistic reasons, it was not possible to collect all population samples exactly at the same flowering period, which may influence to a certain extent the size of the measured capitula (Španiel, unpubl. data) . Still, the characters expressing the size of capitula cannot be excluded from the analyses, as it is reported as one of the most important differential characters among the cytotypes. This fact, however, should be taken into consideration when interpreting the results of the morphometric analyses.
Pearson (parametric) and Spearman (non-parametric) correlation coefficients were computed to reveal pairs of highly correlated characters (Legendre and Legendre 1998). Table 2 List of characters measured and used in morphometric analyses (see also Fig. 2) Continuous quantitative characters LOF length of outer florets from the base to the apex of the longest tip of the floret LIF length of inner florets from the base to the apex of the corolla tips LB length of middle involucral bracts WB width of middle involucral bracts in its widest part LA length of achenes from the base to the pappus insertion LP length of pappi WAP width of appendages of middle involucral bracts excluding lateral fimbriae LAP length of appendages of middle involucral bracts excluding lateral fimbriae and the apical mucro LDP length of the dark part of appendages of middle involucral bracts measured as the length between the appendage apex (without apical mucro) and the colour transition (from the black or brown colour of the appendage to the green colour of the bract) LAM length of apical mucros of appendages of middle involucral bracts from the bifurcation of the uppermost lateral fimbria to the tip of the mucro LF length of longest lateral fimbria of appendages of middle involucral bracts Discrete quantitative characters NS number of stems NOF number of outer florets in the widest capitulum observed NIF number of inner florets in the widest capitulum observed NF number of lateral fimbriae on one side of the appendage of the middle involucral bract (recorded on seven appendages, but with only the largest value taken into consideration), basal membranous colourless fimbriae were excluded Ratio characters WAP/LAP, LAP/LDP, LP/LA, LB/WB Cluster analyses with four different algorithms employed (UPGMA -unweighted pair-group method using arithmetic averages, centroid method -unweighted pair group method using centroids, complete linkage -the furthest neighbour method, Ward method -minimization of the increase of error sum of squares, Everitt 1986) were performed to reveal population clustering. The populations were represented by the mean values of the measured characters. The data were standardized using a zero mean and unit standard deviation, and Euclidean distance was used to compute the secondary matrix. In the case of populations where both diploid and tetraploid plants were found (mixed-ploidy level populations), they were split according to the cytotypes, i.e., the mean values of the characters were computed separately for each cytotype. The (sub)populations were correspondingly denoted as subsample A (for diploids) and subsample B (for tetraploids). The tetraploid plants from the populations nr. 1 and 26, however, were not included in the cluster analyses and the subsequent principal component analysis based on the population means, as the (sub)population mean values of characters might be distorted by the low amount of individuals in these two cases.
Principal component analysis (PCA) (Sneath and Sokal 1973; Krzanowski 1990 ) was performed based on the correlation matrix of the measured characters. The analysis was run both with individual plants as well as with populations as objects. The method was used to display an overall variation pattern along the first three components extracting most of the original multidimensional character space. Table 2 ) (drawings by the first author)
To examine the extent of morphological separation between the two cytotypes, canonical discriminant analysis was computed (Klecka 1980) . This method, in contrast to PCA, maximizes between-group differences. Then, several classificatory discriminant analyses (parametric, non-parametric ones based on probability models, as well as simple linear classification functions) were performed to estimate the percentage of plants correctly assigned to the predetermined groups (ploidy levels), and to find the best discriminant function to assess the ploidy level of a given plant, based on the measured morphological characters. A crossvalidation procedure was used, in which the classification criterion is based on n−1 individuals, and then applied for the individual left out. Discriminant analyses generally require multivariate normal distribution of the characters, but were shown to be considerably robust against deviations in this respect (Thorpe 1976; Klecka 1980) . The analyses were run using the software SYN-TAX 2000 for Windows (Podani 2001 ) and SAS 8.1 statistical package (SAS Institute 2000).
Results
Chromosome Counting and DNA Ploidy Level Estimation
Chromosome numbers were determined for 154 plants, and DNA ploidy level was additionally confirmed by flow cytometric analyses for all 771 individuals sampled for the morphometric analyses ( Table 1) . Out of 40 karyologically studied populations, 26 were diploid (2n=18), 11 were tetraploid (2n=36), and in three populations both cytotypes were found (mixed-ploidy level populations, see Table 1 , Fig. 1 ). In two of them (populations nr. 1 and 26, Table 1 ) only three tetraploid individuals were found in each, and the rest of the plants were diploid, while the third population sample (nr. 25) consisted of nine tetraploids and 20 diploids. In many plants B chromosomes (small chromosome fragments) were recorded. Both populations nr. 13 and 17 (type locality of Centaurea stoebe (Mödling) and one of the type localities of C. australis (Bodony), respectively) were proven to be diploid.
The ratio between nuclei fluorescence intensity of C. stoebe samples and the internal standard (Bellis perennis) was 0.463−0.497 (on average 0.475) for diploids, and 0.887−0.922 (on average 0.900) for tetraploids (Fig. 3) . Coefficient of variation (CV) of the peaks of the standard adjusted at channel 200 ranged from 1.55% to 2.92% (on average 2.04%), and CV of peaks of the measured samples varied between 1.78% and 3.85% (on average 2.69%). One individual with slightly higher relative DNA content than the other diploid plants was observed; two peaks with different fluorescence intensity ratios to the standard, 0.472 (plant of the usual relative DNA content) and 0.529 (plant with the higher relative DNA content), respectively, are apparent in Fig. 3b . This represents a 10.8% difference in the nuclear DNA content. Direct chromosome counting proved an aneuploid chromosome number with 2n=19 for this plant, with one supernumerary chromosome of comparable size. This is a new count and a first evidence of aneuploidy for this taxon. No triploids were found using chromosome counting or flow cytometry.
The two cytotypes displayed different distribution patterns in Slovakia. The tetraploid populations were restricted to lowlands or hills of the Podunajská nížina, Ipeľsko-rimavská brázda and Záhorská nížina (with only a scattered extension to the Malé Karpaty Mts.), where they occupy mostly ruderal habitats. The diploids, on the other hand, were found all over Slovakia. In the southwestern part of the country, where their distribution area overlaps with that of the tetraploids, they grow mainly in xerothermic steppe-like habitats (Fig. 1) . Nevertheless, the diploids were found also on ruderal sites (populations nr. 3, 15, 20, 35, 38, 39) and, conversely, the tetraploids sometimes grow in undisturbed steppe-like habitats (e.g. population nr. 9).
Geographical Distribution of Cytotypes in Europe
A map showing the distribution of cytotypes of C. stoebe in its European area was created based on data from literature (Fig. 4) . Details on chromosome counts (localities and references) are presented in an electronic appendix (supplementary information), including the name to which the given count was referred in the original source. The map is based on all previously published chromosome numbers that correspond to C. stoebe following the synonymy presented by Ochsmann (2000) . Nevertheless, it is possible that in addition to the presented data, at least some records from western Europe published for C. paniculata (data neither included in the map nor in the electronic appendix) in fact refer to C. stoebe, as this name was sometimes used for C. stoebe and morphologically similar taxa that require further study. Additional tetraploid records for C. stoebe were reported from North America (Moore and Frankton 1954; Powell et al. 1974; Taylor and Taylor 1977; Morefield and Schaack 1985; Hill 1995; Ochsmann 1999) ; one diploid record (under the name C. pseudomaculosa Dobrocz.) is also known from the Russian Far East (Probatova et al. 1996) . 
Pollen Grain Size
Mean pollen grain size (based on 30 measurements per plant) of diploid specimens ranged from 24.8 to 33.6 μm (mean value 27.9 μm), that of tetraploid varied between 26.3 and 30.7 μm (mean value 28.5 μm). Thus, a broad overlap between the cytotypes was observed, and this character does not allow reliable cytotype identification. This result confirms data published by Ochsmann (2000) .
Morphometric Analyses
Cluster analyses, based on population averages, with four different algorithms employed (UPGMA, centroid method, complete linkage and Ward method) gave slightly different results, nevertheless tetraploid populations tend to cluster together in all cases. Both UPGMA (Fig. 5a ) and centroid method (not shown) dendrograms resolved nine tetraploid populations in a single cluster (including, however, one diploid population nr. 35), while the other two tetraploid populations/subsamples (nr. 8 and 25B) were placed in separate positions against all the other populations. The outlying position of population nr. 8 is probably caused by short pappi (LP); the position of subsample nr. 25B could be attributed to a low number of individuals (nine). Diploid population nr. 35 has significantly fewer inner florets (lower NIF values) than the other diploid populations and this is probably why it grouped together with tetraploids. This might be caused also by the later collection date. On the higher level, the tetraploids clustered with diploids from Eastern Slovakia (populations nr. 36−40). In 0 300 600 km Table 1 the Ward method dendrogram (Fig. 5b) all tetraploid populations clustered together (but again including diploid population nr. 35); this cluster was submersed among the diploid populations. On the higher level, the tetraploids again clustered with the Eastern Slovakian diploids. The complete linkage dendrogram (not shown) showed a clustering pattern different from the other algorithms, with tetraploids placed in two separated clusters (together with population nr. 35), and one tetraploid population sample (nr. 25B) appeared outside all the main clusters. In all cluster analyses, populations nr. 13 and 17 sampled from the type localities of the names C. stoebe and C. australis were placed among the diploid populations.
In the ordination diagram of PCA based on population samples (Fig. 6 ) diploids and tetraploids formed non-overlapping groupings, with the tetraploids placed in the lower left part of the diagram. Thus, both the first and second component contributed to their differentiation. The diploids were spread along the first component, indicating that the main direction of morphological variation is within the diploids, rather than between the cytotypes. Diploid populations from Eastern Slovakia (populations nr. 36−40) were shifted to the left side of the diagram, pointing to a certain geographic pattern. Diploid population nr. 35 was resolved in the position close to the tetraploids, in accordance with the cluster analyses, but not directly placed among them. Characters with the highest correlations (based on eigenvector values, Table 3 ) with the first axis were the length of middle involucral bracts (LB), their appendages (LAP), the length of the dark part of appendages (LDP), and the length of the lateral fimbria (LF). Those mostly correlated with the second axis were the ratio of length of pappi and achenes (LP/LA), number of stems (NS), and length of pappi (LP). PCA based on individuals as objects showed an extensive overlap between diploid and tetraploid plants. Only a slight tendency along the second axis was visible, with tetraploids shifted to the lower side, and diploids to the upper side of the ordination diagram (Fig. 7) . This shift is attributed to the ratio of length of pappi and achenes (LP/LA) and length of pappi (LP) that are most correlated with the second axis (Table 3) . Similarly, a slight shift of the Eastern Slovakian diploid populations towards the left side of the diagram is visible, correlated with the same characters as in the PCA based on populations. There is no apparent differentiation along the third principal component (not shown).
Based on Spearman and Pearson correlation coefficients, strong correlation (0.95) between two characters, LP/LA and LP, was revealed. Thus, one of these characters (LP/LA) was excluded from the subsequent discriminant analyses.
Canonical discriminant analysis based on individual plants and with the cytotypes defined as two groups showed only weak separation between the groups (Fig. 8) .
Characters exhibiting the highest correlations with the canonical axis were the number of inner florets (NIF), number of outer florets (NOF), number of fimbriae (NF), length of fimbriae (LF) and length of pappi (LP) ( Table 3) . In contrast to the canonical discriminant analysis, in the non-parametric (k-nearest neighbours) classificatory discriminant analysis based on probability models, a high number of plants were correctly assigned to the corresponding ploidy level (89.6% of diploids and 91.7% of tetraploids). The parametric method based on probability models and PCA1 -eigenvectors expressing correlations of the measured characters with the principal component axes of PCA based on 39 population samples (see Fig. 6 ), PCA2 -eigenvectors expressing correlations of the measured characters with the principal component axes of PCA based on 771 individual plants (see Fig. 7 ), CDA -total canonical structure expressing correlations of the measured characters with the canonical axis (see Fig. 8 ). For character explanations see Table 2 . These functions can be used to estimate the ploidy level of an unknown individual. It is necessary to measure characters with the accuracy of one decimal position, in units as given in Table 2 , and to insert their values in both formulas. Scores for each function are computed, compared, and the plant individual is classified into the group (ploidy level) that shows the higher score. When the same dataset as used in discriminant analyses based on probability models (see above) was tested using these two functions, 97.66% of diploids but only 77.31% of tetraploids were correctly assigned to the cytotypes.
To assess the reliability of the correct ploidy level assignment for plants of unknown ploidy level by another procedure, 41 parametric classificatory discriminant analyses were performed, based on probability models. In each case, a classificatory criterion was derived from individuals from n−1 populations ("training data set"), and then applied for the individuals from the population left out ("population of unknown ploidy level"). In this procedure, correct ploidy level assignment varied from 63.6% to 100% (on average 91.1%) for diploids, and from 47.8% to 100% (on average 78.8%) for tetraploids. The lowest values, below 70%, were observed in diploid subsample nr. 26A and tetraploid populations/subsamples nr. 1B, 10, 21, 29 and 32. Figure 9 compares variation in selected morphological characters of diploid and tetraploid plants. Only the characters with the highest contributions to the separation or shift between the cytotypes, as revealed by PCA and CDA, are presented. Considerable overlap in their values is apparent, and it is evident that none of them allows reliable determination of the ploidy level.
Nomenclature
There are two names, which are currently used for the Central European plants of C. stoebe in its wider sense, namely C. stoebe L. subsp. stoebe and C. stoebe subsp. australis (Pančić ex A. Kern.) Greuter (based on C. australis Pančić ex A. Kern.).
As no specimen used by Linnaeus to describe C. stoebe is known to exist nor is there a reference to an illustration in the protologue, Greuter (2003: 56) selected the following neotype for this name: "Centaurea rhenana Bor., Niederösterreich, Felsen in der Mödlinger Klause" (13 Jul 1908, Korb, W) . Examination of the neotype showed that especially according to the width of capitula and the presence of a single stem it is very likely that it is diploid.
Kerner (1872) . Considering the width of capitula in particular, it is very likely that the specimen from Bodony is a diploid, while the one from the vineyards Czigléd near Eger is a tetraploid. There is no specimen from Buda in Kerner's herbarium, which may belong to the original material of the name C. australis.
Discussion
Chromosome Counts and DNA Ploidy Level Estimation
In accordance with previous chromosome number records from Europe (see the electronic appendix for literature survey), we here confirmed the presence of two cytotypes within Centaurea stoebe. Together with the data presented in Španiel (2007) listed also here (see Table 1 ) we provided a fairly good overview of cytotype distribution in Slovakia (Fig. 1) . Diploid populations are more common than tetraploid ones, which corresponds to the pattern seen also on the European scale (see Fig. 4) . Mixed-ploidy level populations, providing thorough population-level screening, can also be found.
Besides the previously known diploid and tetraploid chromosome numbers, an aneuploid number with 2n=19 (i.e., with one supernumerary chromosome) was found in a single plant from population nr. 25 (see Table 1 , Fig. 3b ). Aneuploidy has not been observed yet in C. stoebe, and it seems to be rare in the whole genus Centaurea (Goldblatt and Johnson 2007) . The only aneuploid counts reported within Centaurea are probably those determined in C. monticola (2n=19 and 2n=20) and C. paniculata (2n=19). In C. monticola a few aneuploid plants besides regular diploid ones (2n=18) were observed in two populations (Blanca López 1983) , in C. paniculata the aneuploid number of chromosomes probably occur regularly in var. esterelensis Burn. (Guinochet 1956 ). B chromosomes were found in most populations studied here. Their occurrence within C. stoebe is common (Skalińska et al. 1959; Löve and Löve 1961b; Agapova et al. 1990; Lövkvist and Hultgård 1999; Ochsmann 1999 Ochsmann , 2000 . No triploids were found, which could indicate hybridization between diploids and tetraploids, and no such plants were reported in literature either.
Although the DAPI (A-T selective) fluorescence intensity is not appropriate for the measurements of the genome size, we observed that the fluorescence intensity (the relative nuclear DNA content) in tetraploids was less than twice as high as in diploids. This indicates that the genome size of tetraploids is less than double that of diploids. This coincides with the findings by Bancheva and Greilhuber (2006) , who determined monoploid genome size of diploids and tetraploids of C. stoebe from Bulgaria as 0.883 pg and from Austria as 0.79 pg. Similarly, a decrease in the nuclear DNA content in tetraploids when compared to the diploids is known also in other species of the genus Centaurea (Siljak-Yakovlev et al. 2005; Bancheva and Greilhuber 2006) . Also more generally, additivity in genome size of polyploids relative to diploid progenitors can be expected, but does not always occur. Genome size contraction (i.e., genome size decrease) following polyploidization has been reported rather frequently, and appears to be more common than the opposite process, i.e., genome expansion (see Wendel et al. 2002; Leitch and Bennett 2004) .
Morphological Differentiation Between the Cytotypes
As for morphological differentiation between the two cytotypes, which is the major focus of this study, the results appear to be equivocal, indicating that the morphological distinction is rather subtle and difficult to extract. Whereas morphological tendencies towards the cytotype separation are evident at the population level, these differences are substantially blurred at the level of individual plants. The PCA (Fig. 6 ) computed on population averages resulted in a fairly good cytotype separation. Similarly, diploid and tetraploid populations each tended to group together in the cluster analyses (Fig. 5) , indicating that morphological differentiation between the cytotypes does exist. Nevertheless, clustering patterns differed among the dendrograms produced by different algorithms, not only in terminal branches but also in the major clusters (compare Fig. 5a and b) , suggesting that the differentiation is not very strong and that there is considerable amount of variation also within the cytotypes. This is seen, e.g. in the slight differentiation of the Eastern Slovakian diploids, which show differences in the length of middle bracts, their appendages and related characters. In the PCA based on individual plants as objects (Fig. 7) diploid and tetraploid plants were considerably intermingled, and also differentiation within the diploids is largely blurred. Neither CDA that weights characters to stress the between-group variation component yielded a satisfactory degree of differentiation between the cytotypes. Similar cases, where morphological differentiation or at least tendencies among different cytotypes were inferred at the level of populations, but failed to distinguish them at the level of individuals, were reported also in other plant groups (e.g. Senecio jacobea, Hodálová et al. 2007; Cardamine pratensis, Lihová et al. 2003; Marhold 1996) .
Here we also explored the potential and strengths of classificatory discriminant analyses for cytotype identification, and how these can be of use in practice. Both non-parametric and parametric classificatory discriminant analyses based on probability models resulted in a high accuracy of cytotype identification (89.6% −93.3%), but neither simple linear identification functions nor the approach that assesses the ploidy level of an "unknown" population based on the "training" dataset using the statistical software as specified above yielded results of such high accuracy. Nevertheless, ploidy level of a given plant can be at least assessed with a certain error rate (see Results), bearing in mind also its asymmetry (less reliable identification of tetraploids). This also means that plants of "typical" phenotypes for the particular cytotype (those placed in the ordination space with little cytotype overlap) can be identified using this approach with reasonable accuracy. Similar identification approaches based on the classification functions were also presented, e.g. in the identification key to Betula pendula and B. pubescens (Atkinson and Codling 1986, adopted also by Stace 1991) or used for cytotype identification in Oxycoccus palustris (Suda 1998) .
In previous identification keys, floras and other taxonomic works (e.g. Dostál and Červenka 1992; Adler et al. 1994; Ochsmann 2000; Simon 2000) the distinction between the two taxa/cytotypes of C. stoebe was based on characters such as the length and width of capitula, length of the apical mucros of the appendages of the involucral bracts, the ratio of the length of pappi and achenes, and the number of lateral fimbriae. Indeed, the ratio length of pappi/achenes, the number of lateral fimbriae, as well as the size of capitulum (here, however, expressed by the number of florets, a character not biased by the herbarium specimen pressing) were confirmed by our study as the characters that best differentiated between the cytotypes (both in PCA and CDA). Nevertheless, analyses performed at the level of individual plants showed a considerable overlap between diploids and tetraploids in these characters (see Fig. 9 ). It should be noted that the length of pappi/achenes ratio is strongly correlated with the length of pappi. The length of achenes appears to be rather constant, and thus the length of pappi is sufficient to record, containing the same information as the ratio. The length of the apical mucros of the appendages of the involucral bracts, often reported as a diagnostic character as well, was not confirmed in our study. We should also consider seasonal variation in the size (mainly width) of capitula, because capitula at the beginning of flowering seem to be usually larger (Španiel, personal observation) . Plant material used in the present study was collected in later flowering stages (to obtain also mature seeds from the same individuals), and this may have somewhat influenced the variation range seen.
In this study, emphasis was put on quantitative morphological characters measured on capitula; other, mainly vegetative characters (e.g. morphology of basal and stem leaves) show too much variation within populations to be considered (Španiel, personal observation) , and basal leaves are already withered at the flowering stage.
Ochsmann (2000) stressed that diploids of C. stoebe are monocarpic, while tetraploids are polycarpic. Several papers (Boggs and Story 1987; Story et al. 2001) reported also on the life cycles of the North American tetraploids, confirming their polycarpism. Monocarpic plants of C. stoebe develop a leaf rosette in the first year, and overwinter in this stage. One or (rarely) more stems bearing inflorescences are developed in the second year, and the plant finally dies. Polycarpic plants can live and flower up to nine years (Boggs and Story 1987) . After the first flowering and in all subsequent years, new leaf rosettes are developed at the base of the previous yearrosette. Thus, the total number of rosettes and stems of a polycarpic plant increases each year.
Although no long-term cultivation experiments that would enable comparison of a representative number of plants of both cytotypes of C. stoebe have been carried out in the present study, and no conclusive results can therefore be reported, our observations (Španiel at al., unpubl.) seem to confirm the above-mentioned pattern. Diploid populations indeed appeared to be monocarpic, although individuals bearing more stems that could indicate polycarpism were exceptionally found as well. In tetraploid populations, however, many old, obviously polycarpic individuals possessing several independent basal parts/rosettes were often found. This trait may thus help distinguish the cytotypes, especially the tetraploid populations, but it should be noted that there is no distinction seen in the first year of flowering.
Ecological Differentiation Between the Cytotypes
Ochsmann (2000) suggested that tetraploids of C. stoebe occur more frequently in man-made ruderal habitats than diploids. Our observations, however, showed that the association of the cytotypes with a particular type of habitat may not be so strong. Nevertheless, prevalence of the diploids in the area studied (see Fig. 1) and their presence at localities with harsher climate, compared to the tetraploids, suggest their broader ecological amplitude. Similar observations, where a broader ecological niche was found for one cytotype than for the other, were recently reported in Senecio carniolicus ). To understand the ecological differentiation of the cytotypes in C. stoebe, definitely a more detailed ecologyoriented study is needed.
That only tetraploids of C. stoebe established in North America (Moore and Frankton 1954; Morefield and Schaack 1985; Hill 1995; Ochsmann 1999; Powell et al. 1974 ) is rather intriguing; it might be a stochastic feature or an indication for their ecological differentiation and thus different success in establishment and spread into a newly invaded area. The recent study comparing cpDNA haplotype diversity of C. stoebe in Europe and North America (Hufbauer and Sforza 2008) indicated multiple introductions into North America. Because diploids are at least as common as tetraploids in Europe, the absence of diploids in North America does not seem to be just due to stochastic processes. Recently a climatic niche shift between the native (European) and invaded (North American) area of C. stoebe was proved (Broennimann et al. 2007 ), but diploids and tetraploids were dealt with as one entity in that study, thus no comparisons between the cytotypes were possible.
Origin of Mixed-ploidy Level Populations
The co-occurrence, frequency distribution and the origins of infraspecific cytotypes are challenging topics, but they have not yet been well explored (Halverson et al. 2008) . Recent studies have indicated that co-distribution of cytotypes can be more widespread than expected. This refers not only to the cytotype variation among but also within populations (see e.g., Schönswetter et al. 2007; Suda et al. 2007; Halverson et al. 2008) . Although the presence of mixed-ploidy level populations within C. stoebe has not been documented so far, here we found three such populations. Definitely, intensive intra-population screening is needed to document such cases. According to theoretical predictions, the co-occurrence of different cytotypes should be unstable, with minority cytotypes exposed to the frequencydependent elimination process, unless niche differentiation or strong pre-zygotic isolation between the cytotypes exist (Levin 1975; Van Dijk and Bakx-Schotman 1997; Husband 2000 ; but see Halverson et al. 2008) . In two of the sampled mixedcytotype populations the tetraploids were indeed rare, but in the third one as many as nine tetraploid individuals were detected out of all 29 sampled ones. Ochsmann (2000) hypothesized that tetraploids of C. stoebe arose only once, presumably in the southeastern part of the species area, and subsequently colonized the present range. Nevertheless, the distribution ranges of diploid and tetraploid populations largely overlap both at the European and more regional scales (see Figs. 1, 4 ), and mixed-ploidy level populations with lower frequency of tetraploids can be found. This may suggest that even if most of the distribution range of the tetraploids arose by colonization of the well-established and stabilized tetraploids from a single centre, the repeated origin of tetraploids within diploid populations and their establishment under favorable conditions is also possible, and may have contributed to the present-day distribution patterns.
Present data do not allow conclusive answers in this respect. Molecular markers coupled with detailed studies of population dynamics in mixed-ploidy level populations including the evaluation of the relative fitness of cytotypes and the assessment of the production of unreduced gametes are inevitable (Husband and Sabara 2003; Husband 2004 ).
Taxonomic Treatment of Different Cytotypes
Several central European authors have treated the two cytotypes of C. stoebe as separate taxa, either at the species or subspecies level (e.g. Soó 1970; Mądalski and Ciaciura 1972; Schubert and Vent 1976; Dostál and Červenka 1992; Ochsmann 2000) . The results presented in this paper, mainly equivocal morphological distinction between the cytotypes, largely sympatric distribution, and the occurrence of mixedcytotype populations, are arguments against such taxonomic treatment. However, (weak but obvious) tendencies in morphological differentiation mainly at the population level, differences in life-history traits, and indications for ecological differentiation (to be explored in more details) might support their formal taxonomic recognition. At the current stage of knowledge on C. stoebe, however, we adhere to a taxonomic concept of a single species without recognizing the cytotypes as separate taxa (species or subspecies), in accordance with the recent treatments by Štepánek (2002) and Štepánek and Koutecký (2005) . Generally, there is no consensus on the questions of taxonomic treatments of taxa including multiple cytotypes in recent literature, but autopolyploids have traditionally been considered conspecific -mostly just as cytotypes of a single species, without recognition of intraspecific units. This fact has been pointed out in the recent review by Soltis et al. (2007) , who focused on the taxonomic significance of autopolyploidy and argued for accepting it as a significant mechanism of speciation. They stressed that even if morphological variation does not allow reliable cytotype identification, they should be considered as distinct species on the basis of geographical and ecological differences and reproductive isolation (meeting the criteria of multiple species concepts), because of their evolutionary significance and for practical reasons (e.g. conservation of rare cytotypes). Rowley (2007) , however, contradicted their arguments and argued for a more flexible approach in taxonomic classification, employing also infraspecific categories.
Our taxonomic decision relies also on numerous other cases documenting the presence of intraspecific cytotypes with similar variation patterns. Within the related species Centaurea phrygia, two cytotypes were reported, differing slightly in morphology and geographically differentiated, nevertheless they were not taxonomically classified (Koutecký 2007) ; similarly diploids and tetraploids remained unclassified in C. jacea subsp. nigra based on the detailed morphometric study (Vanderhoeven at al. 2002) . In Senecio jacobaea subsp. jacobaea where only minor morphological differences between tetraploids and octoploids at the level of populations were found, cytotypes were not taxonomically classified either, also because of the lack of geographical or ecological differentiation (Hodálová et al. 2007) . Similar taxonomic conclusions when cytotypes remained unclassified because of insufficient differentiation in morphology, ecology, phenology and/or distribution were adopted, e.g. in Pseudolysimachion maritimum (Trávníček et al. 2004) , Parasenecio auriculata var. kamtschatica (Nakagawa 2006) , Vaccinium microcarpum (Suda 1998; Suda and Lysák 2001) , Andropogon gerardii (Keeler and Davis 1999) , Cardamine pratensis, C. raphanifolia, and C. gallaecica (Lihová et al. 2003; Perný et al. 2005) . However, Central European tetraploids of Cardamine amara are, despite only minor morphological differences, treated as a distinct subspecies (subsp. austriaca), stressing its mainly allopatric distribution and a unique evolutionary history (Marhold 1999; Lihová et al. 2000 Lihová et al. , 2004 .
Nomenclature
The karyological analysis of plants from the single type locality of C. stoebe (Mödling, population nr. 13) revealed only diploids, and also judging from the morphology of the type specimen, it is beyond any doubt that the name C. stoebe refers to the diploids. The application of the name C. australis (or C. stoebe subsp. australis), however, depends on the choice of the lectotype from the available syntypes. The original material of this name, represented by two syntypes, seems to include both diploids and tetraploids. While diploids were confirmed at the locality near Bodony (Hungary; here the studied pop. nr. 13), morphology of the specimen from another locality, the vineyards Czigléd near Eger, suggests a tetraploid level, but it needs to be confirmed either by chromosome counting or by flow cytometric estimates. This is mainly why we still hesitate to select the lectotype of this name. Although of no nomenclatural relevance, it is worth mentioning that at the third locality mentioned in the protologue of C. australis, for which there is no relevant specimen in Kerner's herbarium in WU (Buda, city quarter in Budapest), tetraploids were reported by Ochsmann (1999) .
Concluding Remarks
The genus Centaurea comprises several polyploid complexes that have been recently studied or are subject of ongoing research. These include the Centaurea phrygia group (Koutecký 2007) , C. jacea group (Hardy et al. 2000 (Hardy et al. , 2001 Vanderhoeven et al. 2002; Koutecký 2008) , and also C. stoebe (Hufbauer and Sforza 2008; current study; Mráz et al. in prep.) . Results based on a wide spectrum of applied methods, including morphometric, karyological and molecular analyses, will give the possibility of deeper insights into speciation patterns in this genus, into auto-vs allopolyploidy, and morphological differentiation among ploidy levels. Our study indicates that the observed patterns are not straightforward. The morphological differences apparent at the population level are blurred at the level of individual plants, and also populations with the co-occurrence of different cytotypes can be found. This stresses the need for further complex studies in wider distribution areas, including detailed population screening for diploids and tetraploids, as well as the use of morphometric and molecular methods. Evolutionary implication of the invasive tetraploid populations from North America should be explored in detail as well.
